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-Of 10 bacterial strains tested, 9 were found to be able to utilize the phosphorus of at least one of eight different aminoalkylphosphonic acids for growth, indicating that the ability to catabolize the carbon-phosphorus (C-P) bond is widespread among bacteria. Several organisms gave comparable growth rates as well as cell yields when an equimolar amount of either Pi or 2-aminoethylphosphonic acid (2-AEP) was added to the medium. No compounds containing C-P bonds were detected in Escherichia coli B grown on 2-AEP32-orthophosphate. No degradation of phosphonates by cell-free extracts or suspensions of dried cells was demonstrated. The direct involvement of alkaline phosphatases in cleaving the C-P bond was excluded.
The isolation of aminoalkylphosphonic acids from ciliates (4, 5) , the sea anemone (8) , a zoanthid (7) , and, most recently, from beef brain (14) ha stimulated considerable interest. The biological significance of these compounds, unique in containing the very stable carbon-to-phosphorus (C-P) bond, has not been ascertained. The occurrence of 2-aminoethylphosphonic acid (2-AEP) in complex lipids has been established. Kittredge et al. (8) isolated the glycerol ester of 2-AEP from Anthopleura elegantissima, and Rouser et al. (13) isolated and tentatively identified the intact lipid as a sphingolipid. Quin (10) found 2-AEP in nonsaponifiable lipid in another sea anemone, Metridium dianthus, and also demonstrated its presence in proteins of this organism.
The pathways of biosynthesis and degradation of the aminoalkylphosphonic acids have not been delineated. Rosenberg (12) showed that P`2-orthophosphate (Pji) is incorporated into both free and lipid-bound 2-AEP in growing cultures of Tetrahymena pyriformis. Growth of Crooke's strain of Escherichia coli (15) and, more recently, Pseudomonas aeruginosa (E. A. James, T. C. Myers, and E. B. Titchener, Federation Proc. 24: 440, 1965), with methylphosphonic acid as sole phosphorus source, has been described. However, the products formed have not been identified, and nothing is known about the mechanisms involved in breaking the C-P bond.
Efforts in this laboratory have recently been directed toward the study of the bacterial catabolism of the aminoalkylphosphonic acids. The ultimate goal of these studies is to isolate the enzyme or enzymes involved in the cleavage of the C-P bond and to study the mechanism of this reaction. In searching for a suitable organism for these studies, numerous strains of bacteria were tested for the ability to utilize eight different aminoalkylphosphonic acids as a source of phosphorus for growth. In this paper, we report the results of this survey. Most organisms were found able to utilize several of these compounds, and, without exception, growth was most rapid when 2-AEP was added to the growth medium. Radioactive 2-AEP was isolated from T. pyriformis grown on Pi32, and growth of E. coli B on this substrate was compared with that on radioactive Pi. Compounds containing C-P bonds could not be isolated from these organisms. Data are presented which show that nonspecific alkaline phosphatases, known to be present in several of the organisms employed in these studies, are not directly involved in the catabolism of these compounds. We Media and growth conditions. Bacteria were grown on the medium of Hershey and Chase (3), modified by substituting 3.4 X 10-4 M tris(hydroxymethyl)aminomethane (Tris) (pH 7.4) for the phosphate buffer. Comparable amounts of phosphorus were added as aminoalkylphosphonic acids, methylphosphonate, 5'-deoxyadenylic acid (5'-dAMP), and Pi prior to autoclaving. Cultures were grown at 37 C in 125-ml Erlenmeyer flasks containing 50 ml of medium shaken aerobically on a New Brunswick gyrotary shaker. Growth was measured as increase in turbidity at 420 m,.
T. pyriformis was grown aerobically at 27 C in 2% proteose peptone, 0.5% yeast extract, and 0.85% dextrose. Preparation of2-AEP32. Six 2-liter flasks, each containing 800 ml of medium, were each inoculated with 5 ml of a 72-hr culture of T. pyriformis and were placed on a gyrotary shaker at 200 cycle/min. After 18 hr, KH2P3204 at pH 6.0 (5 X 105 counts per min per ,umole) was added to a final concentration of 2 mM, and growth was allowed to continue for 54 hr. The cells were then harvested by centrifugation, yielding 84 g (wet weight).
Reagents
The 2-AEP acid was isolated from the cells as described by Horiguchi and Kandatsu (6) . After refluxing for 24 hr in constant boiling HCI, the hydrolysate was extracted four times with 2 volumes of ether, and the acid was then removed by repeatedly taking to dryness in a flash evaporator. The residue was dissolved in 500 ml of hot water, decolorized with 10 g of charcoal, and applied to a Dowex 50 (4% crosslinked, 200 to 400 mesh) column (2 by 28 cm) in the H+ form. The amino acids were eluted with 0.3 N NH40H. Fractions containing 2-AEP, eluted just prior to the bulk of the amino acids, were identified by radioautograms of chromatograms developed in solvent system ii (RF for Pi, 0.52; RF for 2-AEP, 0.25).
These fractions were combined, lyophilyzed, and applied to a second Dowex 50-H+ column (1 by 40 cm), which was eluted with 0.6 N HCl. Fractions containing 2-AEP were identified as above, combined, taken to dryness, and the last traces of HCl were removed by ion exchange on a Dowex 1-acetate column (1.5 by 2 cm) eluted with 0.3 N acetic acid. The acetic acid was removed by evaporation, and a final charcoal treatment was carried out.
A 450-Mmole amount of 2-AEP with a specific activity of 200,000 counts per min per ,umole of ash phosphate was recovered. By ascending chromatography in solvent ii, two minor contaminating ninhydrin-reactive spots were seen, but neither contained radioactivity or organic phosphate. The purified 2-AEP contained no measurable Pi, and no Pi was released upon incubation with E. coli alkaline phosphatase.
RESULTS
Survey of organisms for growth on phosphonic acids. Organisms were transferred from agar slants to medium containing 0.2 ,umole of Pi per ml and were incubated overnight. Samples (1 ml) of each culture were transferred into 11 flasks containing equivalent amounts (0.2 MAmole/ml) of one of the eight aminoalkylphosphonic acids, methylphosphonate, 5'-dAMP, or P1. The 5'-dAMP was used to compare growth rates on a phosphate ester. Flasks without added phosphorus were included as controls. Cultures were incubated overnight (12 to 16 hr), and growth was measured. A 1-ml amount of each culture was then transferred to flasks containing identical media, and growth was measured each hour. The doubling times were calculated from semilog plots of the turbidity readings (Table 1 ). Of the organisms tested, only B. subtilis failed to grow on at least one of the substrates of interest. This organism grew only on Pi and 5'-dAMP. Among the organisms able to utilize the phosphorus of any of the phosphonic acids, growth was consistently most rapid on 2-AEP. Growth on 1-amino substituted alkylphosphonic acids was insignificant.
Substrate-dependent growth on Pi and 2-AEP. Not only was the rate of growth on 2-AEP comparable to that on Pi, but the amount of growth was identical. In Fig. 1, growth In direct spectrophotometric assays of both bacterial alkaline phosphatase and highly purified human placental alkaline phosphatase (crystalline preparations of this enzyme have been prepared in this laboratory, and studies reveal it to be a nonspecific alkaline phosphomonoesterase similar to the enzyme from E. coli) with p-nitrophenylphosphate (0.3 Amole/ml) as substrate, the addition of as much as 3 Amoles/ml of methylphosphonate, l-aminopentylphosphonic acid, 1-aminoethylphosphonic acid, or 2 -AEP caused no inhibition.
As further evidence against involvement of alkaline phosphatase, we attempted to grow E. coli B15 on the various phosphonates, expecting to observe growth patterns similar to the wild type. However, E. coli B15 grew only on Pi. The parent E. coli B from which the E. coli B15 mutant was derived was not tested.
E. coli growth on pi32 and 2-AEP32. A 5-ml amount of an overnight culture of E. coli grown on 2-AEP was inoculated into each of three 2-liter flasks containing 450 ml of minimal medium. Sufficient pi32 ( small number of organisms have been tested, and these of necessity were limited to bacteria able to grow on synthetic medium, it appears from these studies that the ability to catabolize the C-P bond is widespread among bacteria. It will be of interest to extend this survey to organisms other than bacteria. In terms of mechanism of the reaction, it will be of interest to test anaerobic bacteria, as well.
In E. coli grown on Pi32 or 2-AEP32, all phosphate compounds were acid-labile. In washed cells grown on 2-AEP32, no substrate remained, and in neither experiment were new phosphonates detected. Whereas the cell yields in these experiments were almost identical, the phosphate-todry weight ratio was somewhat higher in the cells grown on Pi. In both cases, this ratio was considerably higher than in cells grown without added phosphorus-containing compounds. Similar information can be inferred from the data appearing in Fig. 1 .
The failure of the alkaline phosphataseless mutant E. coli B15 to grow on any of the phosphonic acids tested was unexpected, and the explanation is not (2) . Phosphoryl transfer by both specific and nonspecific phosphatases is a well-studied phenomenon.
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